Abstract -This paper proposes an unscented Kalman filter(UKF) based steering controller to force underactuated nonlinear autonomous ships to follow a reference path under constant disturbances induced by wave, wind and ocean-current. By using Nomoto ship model with nonlinear maneuvering characteristics and backstepping design methodology, a nonlinear ship steering controller is designed successfully. The UKF is used to update the estimation of the uncertain parameters online to avoid the parameters' drift due to time-varying added mass matrices. MATLAB simulation shows that the presented algorithm can overcome the nonlinear specialities successfully and achieve better tracking effect.
I. INTRODUCTION
Ship steering is a complicated control problem. A great number of research results have been reported on the automatic steering control during last twenty years (see [1] - [4] and the references therein) and some useful controllers have been proposed [5] - [8] . These controllers used either simple and linearized models or decoupling models, the nonlinear and/or coupling properties have not been considered. Recently, some sliding mode controllers have been proposed. In these literatures, only certain models or the simple statecoupling model were considered. The dynamic equations of such vehicles when they move in water are coupled and highly nonlinear. The added mass matrices and hydrodynamic parameters, which characterize this motion, are always assumed to be constant. These restrictive assumptions imply that the ship must be same-submerge sphere all the time. Indeed, in underactuated ship control system, control design not only depends on the chosen design approach, but also depends on the precision of the available mathematical model, so these assumptions do not hold for real ships and will affect the tracking results. In this paper we use the UKF to give more accurate estimations for these parameters.
Ship steering control system design presents challenges because the dynamic properties of the vessel itself vary significantly. Automatic steering of ships has its origin near the beginning of this century, following the invention of the gyrocompass. Minorskys [9] work on automatic ship steering was one of the principal contributions to the early literature in the general field of automatic control. In the same year, Sperry [10] introduced the first automatic steering control system for ships. These early autopilots were purely mechanicalin construction and they provided a very simple steering action, the rudder demand being proportional to the heading error. To prevent oscillatory behavior, a low gain was selected which rendered the device useful only in the course-keeping mode, where there was no significant desire for a high degree of accuracy in the response. When proportional-integralderivative (PID) controllers became commercially available, they greatly improved the performance and until the 1980s almost all makes of autopilots were based on these controllers. A disadvantage of a PID controller is that it can provide optimal performance only at the operating point it is designed for. The ship parameters vary significantly with operating conditions such as with the forward speed of the vessel. Under these varying operating conditions, it is tedious and difficult to determine properly the fixed parameters of the controller that result in good performance. Furthermore, the PID autopilots can cause difficulties when the ship makes large manoeuvres involving non-linear dynamic behavior.
To avoid these problems, backstepping steering control were introduced. Backstepping is a design approach whose significance for nonlinear control can be compared to root locus or Nyquist's method for linear systems. Its roots are in the theory of feedback linearization of the 1980's. With its added flexibility to handle modeling nonlinearities and some classes of systems that are not feedback linearizable, backstepping is the most important ingredient in the nonlinear control advances of the last decade. Backstepping is used to develop control algorithms for disturbance attenuation in a specific, broad class of systems. Nonlinear systems with two types of disturbances are treated: deterministic and stochastic. The stochastic case will particularly reveal the power of the backstepping method, which, in combination with elements of Ito's calculus, turns some notoriously difficult nonlinear stochastic problems into easy exercises. This paper, under the conditions that the nonlinearity of ship steering model is considered, the assumption that the parameters of the model are uncertain and the control direction is unknown, proposes an UKF-based backstepping control 1-4244-1531-4/07/$25.00 © 2007 IEEE.
algorithm. The algorithm presented in this paper solves the problem that the parameters are uncertain. From the above discussion, it is clear that design of a controller that can give accurate estimations of these timevarying parameters will improve the steering control result. The note is organized as follows. In Section II, we present the reference model for an underactuated surface vessel. In Section III, we present the backstepping control design. In Section IV, we present the UKF-based estimation of model parameters. The corresponding simulations of ship steering control are given in Section V and Concluding remarks are presented in Section VI.
II. MATHEMATICAL MODELS OF SHIP STEERING
Generally speaking, a ship steering control system is a single input single output (SISO) control system. The dynamics of the reference model should be matched to the dynamics of the ship regardless of the magnitude of the demanded change of reference heading angle. A reference model, which is too sluggish, cannot produce an optimal performance since the ship cannot reach the required heading in the minimum time. On the other hand, we should not use a reference model that is too fast compared with the ship response characteristics because this may cause rudder actuator saturation and performance degradation. A reference model may be regarded as a prefilter that ensures that difficulties associated with large step changes of reference are avoided [11] . Generally, a second-order reference model is used. Such a model can be described mathematically as follows:
where 1 T , 2 T , 3 T are time parameters, K is the rudder gain,δ is ruder angle, ψ is the heading angle. The linear Nomoto model has been widely accepted in designing ship course controller [12] 
In order to better describe the ship steering dynamic behavior so that steering equation is also valid for rapid and large rudder angles, a nonlinear characteristic is added in (1) . Thinking about the nonlinear and/or coupling properties,
The nonlinear model is: 
Hence (4) can be written as:
, and (5), (6), (7) can be written as:
It is assumed that the ship has port/starboard symmetry,
Step 1: Let us study the following subsystem where the design constant 1 k will be chosen later. V depends on 2 z will be dealt at the second step.
Step 2: In light of (10.2), the time derivative of the second backstepping variable 2 z is defined by ) ( ) ( ) ( 
express by the original states 1
IV. UKF-BASED ESTIMATION OF MODEL PARAMETERS
Recently, researchers are focusing on the sequential estimation and its applications on active modeling and modelreference control [13] . The classical state estimator for nonlinear system is the extended Kalman Filter (EKF). The EKF has some deficiencies because of its linearization to the nonlinear dynamics. The UKF, on the other hand, has the same computational complexity with the EKF, but directly use the nonlinear models instead of linearizing it and can give the joint estimation of states and parameters.
A. Standard UKF Approach
Consider a discrete-time nonlinear dynamic systemΚ Where Į determines the spread of the sigma point; β is used to incorporate prior knowledge of the distribution of x , n is the dimension of augmented state.
3) Measurement update:
where R is the measurement noise covariance.
B. Joint estimation
The rudder gain k is the parameter that will be estimated by UKF.
As mentioned above, we can obtain unmanned ship's full dynamics and simplified model. Simplified model is easy to be linearized, but the simplified model can't correctly describe the actual ship dynamics because we use the constant representations of added mass matrices that are actually timevariant. To online update the added mass matrices, we use an estimation approach of UKF named joint estimation. Joint estimation means using the same estimation approach to simultaneous estimate system states and parameters. Joint estimation increases the estimation's degree of accuracy. Using UKF to resolve the problem of joint estimation is by combining the system states and parameters into augmented state variables, and then constitute augmented dynamic model. Denote the dynamic equations that contain unknown timevarying parameters are as follows:
( 27) where k θ is the value of unknown time-varying parameters of timeκ .
If the changing rule of parameters is known in advance, define k θ as: 
V. SIMULATIONS OF SHIP STEERING CONTROL
In this section we apply the proposed UKF basked steering controller design method to design the steering controller of an underactuated ship, and study the effectiveness of the proposed control laws by simulation. Consider an underactuated surface vessel with the model parameters. Assume the initial condition of the system is 1) can estimate the uncertain parameters and avoid the parameters' drift due to time-varying added mass matrices.
A. Steering control simulations
2) can remove the noise of the observed states. Fig.7 shows the steering control input of the underactuated surface ships, we can get that the control input of the UKF-based tracking control is much stable than the tracking control without UKF. 
VI. CONCLUSION
On account of the uncertainty existing in the nonlinear ship responded model, we design an UKF_based backstepping steering controller for underactuated surface vessels. First this paper firstly establishes uncertain nonlinear mathematic models of ship movement course, and then combines Backstepping algorithm with UKF. As to parameter uncertain nonlinear ship motion models, the proposed method simultaneously designs course-tracking controller and parameter estimator. Simulations illustrate the effectiveness of our proposed controller.
